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Predictive modeling to increase treatment success rates for surgical procedures is becoming more 
common in the scientific community. For obstructive sleep apnea (OSA), modeling has been 
predominately performed using computers as opposed to experimental models. Computer 
simulation saves time by eliminating the need to fabricate complex experimental models but 
comes at the expense of insight gained through physical observations made in real time.  
Experimental models for studying OSA are needed to validate computational work, provide 
perspective on anatomical scale and demonstrate complex deformations in real time. This work 
addresses prior hurdles in experimental model fabrication with a novel process using 3D printed 
dissolvable molds for casting encapsulated silicone gel. The resulting models exhibited lifelike 
characteristics such as velopharynx collapse during inspiration, negative effort dependence and 
snoring. Each of these behaviors are characteristics of OSA which have not been observed in any 
prior experimental models. Computer aided design (CAD) data for the models came from 
segmentations of CT scans of 2 patients with OSA. These segmentations were used in prior 
research which sought to determine whether a force applied to the back of a patient’s tongue 
could clear an obstruction and if so, how much force would be needed. Computational results 
from the original study predict 95 to 125 grams would be sufficient compared to the 
experimental results of this work which indicate 50 to 80 grams is sufficient. This work provides 
a physical model upon which experimental devices for treating OSA may be tested. Notably, this 
approach demonstrates the potential for an implantable device with an adjustable constant force 
output to successfully treat OSA. 
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Chapter 1 Obstructive Sleep Apnea Review and Novel Experimental Treatment  
1.1 Sleep Disordered Breathing: Obstructive Sleep Apnea and Central Sleep Apnea 
Sleep disordered breathing (SDB) is an increasing phenomenon among the global population.  
SDB disorders are characterized by a lack of breathing during sleep and can occur due to a 
physical obstruction of the airway (obstructive sleep apnea), a lack of physiological drive to 
breath (central sleep apnea) or a combination of the two (complex sleep apnea). Obstructive 
sleep apnea (OSA), the most common SDB disease, affects approximately 1 billion people in the 
world [1]. OSA severity is measured by how many apneic (complete lack of flow rate) or 
hypopneic (reduction in volumetric flow rate) events occur in an hour [2].  An OSA diagnosis is 
correlated with increased risks for heart and kidney disease, automobile accidents and cognitive 
impairment [3,4,5]. Seeking means of treatment for the disease is important because the cost of 
leaving this condition untreated has also been determined to be greater than the cost of treatment 
[1]. Continued scientific research is warranted as the social costs from OSA are likely to grow 
due to an aging population and rising obesity rates[6,7,8,9]. 
1.2 Surgical Obstructive Sleep Apnea Treatments 
Individuals with OSA do not have issues breathing while they are awake due to higher 
recruitment of muscles in the upper airway (UA), increasing dilating forces [10]. These dilation 
forces are important because they counteract the negative pressure created during respiration. 
Surgical treatments focus on reducing incidents of UA collapse by either increasing the pressure 
in the airway or reinforcing/removing soft tissues around the collapsible region. Figure 1 
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describes the anatomical structures of the UA. Obstructions from soft tissues occur in the 
following regions: nasopharynx, retropalatal, retroglossal and the hypopharynx.  
 
 
Of the muscles that contribute to UA patency, the most important is the genioglossus muscle in 
the tongue, (pathogenesis of upper airway occlusion during sleep). Mandibular advance 
surgeries, mandibular advance mouth guards, tongue suspension, genioglossus nerve stimulation 
and genioglossus advancement increase patency by mimicking genioglossus recruitment to pull 
the tongue away from the UA’s posterior wall [11].  Tissue removal in the retropalatal region 
often accompanies these surgeries but results are difficult to predict and often are successful only 
when the primary collapse is associated with the soft palate [12]. Despite advances in video 
endoscopy, in-vivo pressure monitoring and CT or MRI scanning, treatments still rely on the 
Figure 1 Regions of Upper Airway (From: PATHOPHYSIOLOGY OF SLEEP APNEA) 
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time consuming and skill-dependent observations of clinical specialists, and patients can expect a 
painful recovery with unpredictable outcomes [13]. Additional work involving patient specific 
modeling is needed to advance our understanding of OSA so higher treatment success rates can 
be achieved limiting and reduce social cost of this disease. 
1.3 Predictive Treatment Outcomes Through Computational Modeling 
To reduce the uncertainty and burden for clinical specialists to predict the treatment required for 
a patient’s disease, many exploratory patient-specific computer simulations have been performed 
[14]. Most work focuses on an analysis of the retropalatal region (velopharynx) since this is 
where approximately 90% of collapses occur [15]. The most thorough studies not only 
encompass the retropalatal region but the retroglossal region, hypopharynx region, tongue and 
skeletal components.  Liu et al performed such work with the goal to validate a novel procedure 
for advancing the tongue with a predicted force to treat OSA [16,17]. 
Liu et al’s computational modeling was the foundation for this study and involved the analysis of 
three patient specific studies of individuals with OSA.  Simulations for two of the patients 
recreated an obstruction during respiration. One of the patients was then chosen for the novel 
OSA treatment involving a running a suture through the tongue from the lower mandible to the 
tongue’s base. On the base of the tongue (outside of the tongue) a 1 cm2 patch was connected to 
the suture. A force originating from the lower mandible would act similar to the genioglossus 
muscle in that it would pull the tongue forward, opening the patient’s airway. After overcoming 
many experimental obstacles, results indicated that between 0.9 and 1.25 newtons (about 95 to 
125 grams) were required to treat this patient’s sleep apnea. 
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One obstacle presented by computational modeling is time. Liu et al’s fastest results were 
obtained after 5 days of computation with the longest simulations lasting a month. Simulation 
time was often directly impacted by mesh density or smaller time steps so as not to run into a 
problem with negative volume when deformations would cause different bodies to merge. The 
merging of bodies was often unavoidable and would halt the simulation until the model was 
remeshed manually. When waiting days or weeks for a model to deform from a single breath, 
any potential physical understandings and insights may be obfuscated. Lengthy simulation times 
also make it unreasonable to examine varied experimental conditions/parameters or additional 
patients. Experimental models are free of these limitations as experiments happen in real time 
and understandings can be gained through adjustments made heuristically. 
 
1.4 Validating Computational Results with Experimental Models 
The increasing popularity of computational models for UA analysis over the last decade has led 
to a lack of parity in realism with the corresponding experimental models. There are only a few 
known experimental models which have been made to support patient specific treatments for 
OSA and these only exist in the form of a thin walled tubes made in the shape of the patient’s 
airway.  Materials used for the construction of existing models range from a 6 kilopascals to 2 
megapascals instead of the more accurate range for UA tissues from 0.5 to 5 kilopascals 
[18,19,20]. The most promising experimental models are those which use silicone gel as this 
material is often used in biomimicking applications due to its viscoelasticity, Young’s modulus 
and Poison’s ratio[21,22,23]. However, experiments which have used silicone have struggled to 
overcome difficulties associated the with low stiffness and stickiness of the material.  The 
complexity of the UA makes computational and experimental modeling difficult and often leads 
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experimenters to choose only 1 medium to work with or using an oversimplification of the 
anatomy to work with both. 
The earliest and most simple experimental model discovered took the form of a 2-dimensional 
flow through a channel with a constriction formed by an artificial tongue [24].  The tongue was 
made by filling a latex tube with water and had a young’s modulus of 1.6 MPa. The experimental 
setup did display flow limitation that was validated by numerical simulations, but its simplistic 
nature of the upper airway anatomy makes the results challenging to interpret and apply to 
applications of patient treatment. 
The easiest to interpret results are those which most closely match realistic conditions. However, 
working with materials that have stiffnesses in the range of a few kilo pascals is difficult as their 
shapes collapse under gravity. The first work to appear to address this issue was from a group of 
students at The Cooper Union for the Advancement of Science and Art as a senior design project 
[25]. The group was able to make a simple tube using a silicone gel (PDMS) that when loaded at 
0.0006 Hz would result in a young’s modulus approximating that of the pharynx (6kPa). Their 
results showed collapse the tube occurred with a transmural pressure of 5cm H20, but the loading 
frequency used was about 0.3 Hz so the material properties are not clear. This experimental 
model showed that increasing nasal resistance caused a collapse with a lower transmural pressure 
and snoring may have occurred if the silicone did not stick to itself. 
The stickiness of silicone gels was also an issue for Buchajczyck et al. [26]. In this work CT 
scans were used to reproduce a patient’s upper airway, tongue, soft palate and vocal folds to 
analyze a nasal high flow therapy treatment for OSA. Silicone gel and dissolvable molds were 
used to manufacture the compliant components, but results indicate that the soft palate was the 
only compliant component used in the experiments, likely due to the stickiness of the gel. When 
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a compliant soft palate was used, pressures in the oropharynx were lower on inspiration which 
was associated with a narrowing of the pharynx. Attempts to observe tissue behavior in this 
model were made with and endoscope, but the velopharynx could not be observed due to field of 
view issues. While this work only used the soft palate as a compliant component, it still 
represents a significant progression in experimental modeling as it was the first to use silicone in 
a patient specific UA as opposed to a simple tube in the shape of an airway. 
The most recent experiments have regressed from Buchajczyck et al’s work in favor of the 
collapsible tube model in the shape of the patient’s airway [27,28,29]. In contrast with clinical 
observations, experimental results show collapsible tube models are more likely to collapse at the 
tongue base. This is likely due to a lower second moment of inertia in the region as the airway 
widens along the frontal plane while narrowing along the sagittal plane. This is mitigated by Le 
et al. by modeling the velopharynx as a compliant tube while the rest of the airway is rigid. This 
method relocates the region of collapse, but does so my making it impossible to collapse 
anywhere else, reducing the accuracy of the model while retaining the collapsible tube model in 
only a specific region. 
In addition to the region of collapse, the collapsibility of a tube is governed by the sterling 
resistor model or wave-speed limitation theory and does not adequately predict or explain the 
behavior of negative effort dependence [29, 30]. Negative effort dependence is a relationship 
where a decrease in flow occurs as glottic pressure increases. Butler et al’s “tippy tongue” 
mathematical model demonstrates this dependence by introducing an unstable tongue mass in a 
two-dimensional flow channel [30]. This introduction is important as it highlights the most 





1.5 Summary of Research Contribution 
The work done in this study represents a significant step forward in the design and 
implementation of experimental models for the study of obstructive sleep apnea.  The 
demonstration of velopharynx collapse, snoring and negative effort dependence has not been 
achieved before and can now be incorporated into future studies. The intrinsic value of 
experimental modeling was also observed when determining why Patient 2’s model was not 
exhibiting an airway collapse. Experimenting revealed that when the mouth was open a collapse 
would occur, and when the mouth was closed so airflow came solely from the nasal passage, the 
airway would open.  
These accomplishments were primarily achieved by modifying existing model making 
procedures that use dissolvable molds to include an encapsulating layer of silicone.  The 
encapsulation prevents the silicone gel from sticking to itself making the models easy to work 
with and capable of being used multiple simulations. Models used to treat OSA should be able to 
exhibit accurate airway collapse, negative effort dependence and even snoring if they are to be 









Chapter 2: Modeling 
2.1 Introduction 
The first step in creating the physical model begins with the segmentation of a patient’s CT scan. 
The scan is comprised of hundreds of cross-sectional images taken along the patient’s frontal, 
medial and axial planes. Segmentations were made by coloring in pertinent structures in each 
image with the ITK-SNAP software [31].  
 
 
Figure 2 Segmentation of Patient 2 From ITK SNAP. Regions colored 
in red, blue, light blue, green and yellow for the spine/skull, airway, 
palatoglossus, hyoid bone and free space around the patient’s head, 




Figure 2 identifies regions in a CT image for Patient 2 for which 3D models have been 
generated. The tongue and soft palate were not segmented in this image because the original data 
for these features were used from Dr. Liu’s original study [17]. 
2.2 Manual Segmentation 
Manual segmentations require the user to advance through every image plane for which the 
desired anatomy can be viewed, coloring in the anatomy along the way.  This can require hours 
of work for large anatomical features for which hundreds of image planes may need review.  
Much of Dr. Liu’s work was done this way and was an extremely helpful starting point for this 
study. However, the segmentation was missing for Patient 1’s epiglottis and the interpretation of 
the soft palate geometry did not account for the palatoglossus muscle. The judgment of qualified 
ENT doctors concluded that this muscle is critical for the proposed treatment plan, as pulling the 
tongue forward would indirectly pull the soft palate forward as well. Before the experimental 
models could be built a new segmentation needed to be made for the missing epiglottis, and the 
palatoglossus needed to be accounted for. 
2.3 Editing and Correcting 3D Geometry from Segmentation 
The initial geometry from segmentations of the epiglottis was not smooth due to the layer by 
layer nature of the modeling process. Smoothing and modifying 3D geometry that comes form 
ITK-SNAP can be done in another free software package called Meshmixer [32].  Figure 3A 
shows the initial segmentation of Patient 1’s epiglottis, Figure 3B shows the final smoothed 






The overlaying of models is an important technique because it is possible to double check that 
the smoothing remains complimentary to the original data.  Secondary or tertiary validation can 
also be performed by importing additional geometry from ITK SNAP into Meshmixer. This is 
possible because positional data and scale is maintained during the import process.  
In the case of the palatoglossus muscle, there was no data to import as its density was too similar 
to surrounding tissues to distinguishable with CT imaging. In this case, Meshmixer was used to 
created connection points for the muscle to the tongue under the guidance of ENT doctors. 





2.4 Adding the Palatoglossus Muscle to Patient 2’s 3D Model 
Of Dr. Liu’s modeled patients, Patient 2 was selected for modification to include the 
palatoglossal muscle because the airflow for this patient occurs between the soft palate and 
backwall (velopharynx). Without this muscle, there was no foreseeable way a pulling force 
applied to the tongue through the proposed suture/patch treatment could open the airway. Figure 
4 demonstrates the original geometry created by Dr. Liu, with the soft palate for Patient 2 in 











In Figure 5, the geometry of the soft palate and backwall were modified in a way to account for 
the palatoglossus muscle. 
 
 
Figure 4 Patient 2 Backwall and Soft Palate Model Without Palatoglossus Muscle 
Figure 5 Patient 2 Backwall and Soft Palate Model with Palatoglossus Muscle 
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The increase in the soft palate’s size accounts for tissue that would surround the palatoglossus 
muscle as it connects to the tongue. To account for this tissue, material originally interpreted as 
being part of the backwall was interpreted as being part of the soft palate. By doing so no 
additional volume was added to the model. The region highlighted in orange identifies where the 
palatoglossus muscle enters the tongue and a connection is formed.  This region does represent 
additional volume added to the soft palate, but a corresponding amount of volume was removed 
from the tongue to create a nesting pair. These changes were made with careful consideration of 
the original CT images, and validated through a consultation with ENT specialists. 
 
2.5 Building the Test Fixture 
After adding the palatoglossus muscle to Patient 2, a testing fixture was designed to enclose and 
support the anatomical models.  This is a design challenge that does not exist with computer 
modeling as gravity can be “turned off” and sections of the model can simply be highlighted and 
fixed in place.  Several iterations of fixtures were made to develop a streamlined procedure for 
making a complete experimental model. The final procedure for making an experimental fixture 
and silicone models has been documented in appendix A. The original test fixture designed for 
Patient 2 can be seen in Figure 6, and will be discussed in more detail as it clearly highlights 








Airflow is induced through the airway adapter which was designed to seal with the bottom of the 
backwall.  The airflow can then move between the soft palate and tongue from the hole in the 
Figure 6 Test Fixture Exploded View. The fixture is comprised of a looking glass (1), acrylic top 
cover (2), backwall (3), soft palate (4), tongue (5), spine wall (6), acrylic side walls (7), tongue 
fixture (8), base plate (9) and airway adapter (10).   
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tongue fixture (mouth), and between the soft palate and backwall from the two ports in the 
looking glass (nostrils).  If the airflow alternates from the soft palate/tongue and soft 
palate/backwall correctly it may be possible to hear and see the model snore. Figure 7 is a partial 






Figure 7 Test Fixture Partially Assembled. (1) silicone tongue seated within its 
fixture (2) Backwall molded in place with the side walls and spine wall (3) Soft 
palate (4)The looking glass/top cover assembly.   
16 
 
2.6 Remodeling the Test Fixture for Inclusion of Epiglottis, Hyoid Bone and Added Clarity 
Initial testing and feedback from the ENT specialist on the testing model from Figure 7 led to 




Callout (1) shows the top cover which no longer has the viewing glass, a change to reduce the 
complexity of the assembly. The spine wall was removed and replaced with a clear acrylic plate 
(2).  This allows for greater visibility of the tongue from the posterior perspective and the 
addition of ports to attach pressure transducers.   
Figure 8 Modified Testing Fixture for Patient 2. (1) Top cover, (2) Backwall, 
(3) Hyoid Bone and Epiglottis, (4) Airway Adapter, (5) Tongue Enclosure 
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Patient 2’s hyoid bone and epiglottis were also added in place of the airway adapter (3).  The 
addition of these anatomical features stabilized the silicone in this region.  Before this change, 
the backwall material would fold over and collapse into the airway and testing could not be 
completed. A new bottom plate was made (4) making the model easier to hold and connect to the 
artificial lung for respiration cycles.  
A final change not shown in 8 was the combining of the backwall and soft palate.  These 
components were made to be a single part as their material properties can be approximated.  
Previously, they were glued together which increased the local stiffness around the glued region 
and caused alignment errors during fixture assembly.   
2.7 Addition of Patch and Pressure Ports to the Test Fixture 
After constructing and validating the test fixture assembly, the patch was added to the tongue 
between the palatoglossus muscle connection points, Figure 9.   
 
 
Figure 9 Addition of Patch to Tongue 
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Ports are also added to measure pressure in the oropharynx, nasopharynx, and laryngopharynx 
(Figure 10).  A portion of the tongue fixture has also been removed to better align the suture 





An experimental model for the second patient, Patient 1, is shown in Figure 11. 
 
 
Figure 10 Pressure Ports Added to Patient 2’s Testing Model 
Figure 11 Experimental Model for Patient 1 
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Chapter 3 Experimental Results 
3.1 Testing Material Properties of Smooth-On’s Ecoflex Gel 
Smooth-On’s EcoFlex Gel [33] was the primary silicone used to make the compliant components 
of this study’s models. The elastic modulus of this gel was reduced by adding a deadener 
(Smooth On’s Slacker) to Part A of the two-part mixture (standard mixture is 1 Part A to 1 Part 
B either weight or volume).  Figure 12 shows a silicone specimen loaded into a Bose DMA 8000 




The results from testing 5 different specimens with varying amounts of deadener (0%, 50%, 
100%, 150% and 200%) with respect to the gel’s Part A component and loading frequency is 
shown in Figure 13.   






DMA results show significant reductions in material stiffness can be achieved by adjusting 
loading frequency in addition to material composition. The tabulated DMA results in Table 1 





Amount of Slacker Per Eco Gel Part A 0% 50% 100% 150% 200%
Frequency Stiffness (kPa) Stiffness (kPa) Stiffness (kPa) Stiffness (kPa) Stiffness (kPa)
0.1 10.91 6.46 4.0337 3.24 2.55
0.3 13.71 8.66 5.631 4.55 3.46
0.6 16.47 10.88 7.2798 6.10 4.54
1 19.16 13.21 9.0476 7.73 5.83
5 32.63 25.09 18.932 17.38 13.73
Stiffness with Respect to Percent Slacker Added (Per Component A) Vs Frequency
Table 1 Tabulated DMA Results 
Figure 13 Results from Dynamic Material Analysis. The green, yellow and blue datapoints 




3.2 Experimental Model Properties 
The model generated for Patient 2 was constructed using a 100% Slacker to Part A mixture for 
the tongue, soft palate, and backwall.  This mixture was chosen due to its lifelike feel as judged 
by ENT doctors of UNLV Medical School with extensive clinical experience and analyzed at 0.1 
Hz. The mixtures for Patient 1 were chosen to best approximate the material properties specified 
in Dr. Liu’s work for the same patient.  To match Dr. Liu’s specifications the modulus vs 
frequency results from table 1 were plotted and a power fit equation was generated. The power 
fit was then used to extrapolate the needed analysis frequency to achieve the desired Young’s 

























Figure 14 Young's Modulus VS Loading Frequency 
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used to determine what frequency was needed when Patient 1’s soft palate was made with a 
61.5% Slacker to Part A mixture to achieve a modulus of 3.1 kPa. The frequency of 0.015 Hz 
was calculated and also used to determine the stiffness of the backwall and tongue which had 
slacker percentages or 0% and 2.9% respectively. The material was stored, mixed and left to cure 
in an airconditioned environment set at 80 degrees Farenheight. Table 2 compares these 




3.2 Encapsulation Properties 
This silicone gel is very sticky and required an encapsulating layer of Smooth-On’s Ecoflex 00-
10 silicone to prevent the gel from sticking to itself. The thickness of this encapsulating layer 
was determined by comparing the widths of rectangular parts cast inside molds with and without 
an encapsulation layer. Encapsulating layers were applied in a similar manner as outlined in 
Appendix A. Table 3 shows the average widths of the casted parts made in these molds.     





Based on the average widths of these measurments, the thickness of the encapsulating layer was 
approximated as 0.005 inches.  The thickness of the encapsulating layer was not considered in 
this study but future studies may interpret it as a mucosa layer. The material was stored, mixed 
and left to cure in an airconditioned environment set at 80 degrees Farenheight. 
3.3 Studies for Patients 1 and 2 
 Patients 2 and 1 correspond to the male patient and Patient B from the work of Liu et al [16].  
Table 4 identifies the age, AHI, sex, type of breathing and inclusion of palatoglossus muscle for 




The airway and soft palate characteristics can be seen in the models for each patient in figure 15. 
 Average Width (inch) Standard Deviation (inch) Minimum (inch) Maximum (inch)
No Encapsulant (n=9) 0.501 0.002 0.495 0.505
With Encapsulant(n=18) 0.496 0.003 0.49 0.502
Encapsulant Thickness 0.005
Table 3 Encapsulation Thickness 
Table 4 Summary of Patients 1 and 2 
Patient 1 Patient 2
Age 58 61
Apnea Hypopnea Index (events per hour) 47 80
Sex Female Male
Type of Breathing Mouth Only Mouth and Nasal






The primary differences between the two patients include the  bifurcation of the airway in patient 
2 and the connection between the soft palate to the tongue in Patient 2 as discussed in chapter 2. 
Originally Liu et al studied APatient 1 with flow only through the mouth and Patient 2 with flow 
only through the nasal passage.  In this study, Patient 1’s airway was modeld with respect to the 
prior computation study (flow only through the mouth) wheras Patient 2’s airway included 
mouth and nasal breathing. This bifurcation of Patient 2’s airway was done because early 
experimentation revealed that soft palate collapse would not occur unless the mouth was open. 
While no detectable flow was measured in the mouth, it is thought that the mouth being open 
exposed the front of the soft palate to a higher pressure (atmosphere) during inhalation, allowing 
the flow induced pressure drop behind the soft palate to result in a collapse.  
 
Figure 15 Comparison of (A) Patient 1 and (B) Patient 2 with the airway in red, tongue in blue 
and soft palate in green. 
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 3.4 Experimental Test Platform 
To simulate and monitor the conditions during an airway obstruction in the models created for 





Figure 16 Experimental Platform 
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The primary, and largest, feature of the experimental platform is the piston style respirator, the 
“artificial lung”. The piston in the lung is driven by stepper motors attached to lead screws. 
Potentiometers and switches on the control panel adjust the speed and direction or amplitude and 
frequency when the lung’s piston is in a constant speed or sinusoidal mode. Controlling the 
piston with constant speed was useful for initial experimentation but sinusoidal mode was used 




Figure 17 Experimental Platform 
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As seen in Figure 17, an Arduino is used to control the artificial lung which is used to simulate 
the patient’s breathing cycle. The artificial lung was driven by 2 stepper motors in a sinusoidal 
waveform with adjustable frequency and amplitude representing the frequency of breaths and 
peak flow. At the beginning of the respiration cycle the Arduino also triggers the analog to 
digital converter to begin recording data from the pressure transducers and a solenoid to depress 
the shutter trigger of a camera to record deformations of the airway.   
With the experimental test platform built, initial studies were conducted to determine if airway 
collapse would occur in the experimental models.  Once collapse was observed a range of 
sinusoidal flow rates were tested to determine how peak flow rate and period of oscillation 
affected pressures and airway collapsibility. After these initial experimental observations were 
made, the flow rates used by Liu et al were used to determine how much force was needed to 
prevent airway collapse.      
 
3.5 Pressure Data for Patient 2 
An initial study was performed with Patient 2’s model to make observations as changes in 
loading frequency and amplitude were made. The breathing cycle simulated by the artificial lung 
varied in frequency from .33 Hz to .1 Hz as the flow rate was incremented from 350 to 1,300 
milliliters per second.  
Analysis of the results from the mouth, glottic, and soft palate pressure ports, as identified in 
Figure 15, revealed no detectable pressure change during inspiration from the mouth port and 
significant pressure drops in pressure at the glottic and soft palate ports. As the testing cycle was 
being performed, airway collapse was observed between the backwall and just above the tip of 
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the soft palate (uvula). Since the soft palate port is located perpendicular to the airway, 
immediately above the location of collapse, the pressure data from this port was interpreted as 
being indicative of the average velocity during inspiration.  Pressure results from the soft palate 
port exhibited characteristics identical to those found from nasal pressure sensors used during 
sleep studies of patients with obstructive sleep apnea. Characteristics of a pressure profile during 
one breath taken at the soft palate is shown in Figure 18.  The plot shows voltage measurements 




The baseline period exists before a breath is taken when pressure is atmospheric.  As inspiration 
occurs there is a pressure drop (rise in voltage) due to an increase in velocity until the airway 
collapses and velocity drops. During the collapse of the airway a patient may experience a 
Figure 18 (A) Pressure Profile for Respiration at Soft Palate (B) Location of Pressure Port 
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hypopnea event (less than 30% flow) or an apnea event (no flow).  When exhalation occurs flow 
resumes and a positive pressure exists until the profile returns to baseline. 
The results of the initial frequency scans for Patient 2 revealed that the profile of the pressure 
data was repeatable and the airway’s collapse could be controlled by varying the flow rate and 
loading frequency independently.  For example, Figure 19 shows the soft palate pressure port 
readings of 6 breaths taken as the flow rate is increased and loading frequency is fixed. 
 
Figure 19 Palate Pressure Port, Fixed Frequency with Varied Flow Rate (A) 
350 -580 mL/s (B) 640-1,300 mL/s 
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As the flow rate is increased for each breath the peak of the peak pressure drop increases and the 
airway becomes more unstable, approaching that of Figure 18.  When the flow rate is fixed, and 
the loading frequency is varied as seen in Figure 20, the peak pressure drop does not change, but 
the stability of the airway decreases. 
 
 
Figure 20 Palate Pressure Port, Varied Frequency with Fixed Flow Rate, (A) 0.33-0.14 Hz 




The ability to control the stability of the airway with the loading frequency is explained by the 
material testing results that show a lower Young’s Modulus results from a lower loading 
frequency.  
 
3.6 Negative Effort Dependence Patient 2 
Negative effort dependence, the phenomenon of airflow reduction or cessation despite increasing 
driving pressure, can be observed by imposing both the glottic pressure port’s and soft palate 
pressure port’s response simultaneously. Figure 21A demonstrates the location of the collapse 
(red x) with respect to the soft palate port, glottic pressure port and camera placement. Figure 
21B shows how to locate the soft palate, sidewall and pressure ports from an image taken from 
the camera with their point of convergence in the image’s center representing the airway. 
 
 




Negative effort dependence can be seen in Figure 21 by the divergence of pressure between the 
glottic and soft palate ports.  Negative effort dependence is indicative of a collapsed airway, and 
close examination of Figure 22 also reveals that the slope of the glottic pressure drop increases 




Looking at Figure 23, this divergence appears to correlate with a significant reduction in the 
velopharynx’s cross sectional area.  
 





At 26.5 seconds the glottic port plateaus as the airway nears a full collapse. Palatal pressure was 
expected to be 0 cm H2O (atmospheric) with no plateau of glottic pressure with a complete 
collapse. 
3.7 Testing of Suture/Patch Treatment for Patient 2 
To test the effectivness of the proposed suture patch treatment, glottic pressure was observed as 
weight is incrimentally loaded onto the suture/patch device on the root of Patient 2’s tongue as 
shown in Figure 17. The results of incrimental loading in Figure 24 deomonstrate a linear 
relationship between increasing weight and decreasing glottic pressure. 
 





At 80 grams of loading the glottic pressure is free of perturbations (indications of an unstable 
airway) while the pressure reading is below -10 cm H2O (upper end of pressure drop tolerated by 
individuals without OSA). The effect of 80 grams applied to Patient 2’s tongue is can also be 
observed by referencing Figure 25 which shows the airway with no weight or breathing, no 
weight with breathing, and with weight and breathing. 
  
 
Figure 25 A: Airway with No Breathing and No Weight  B:Airway with Breathing and No 
Weight C: Airway with Breathing And 80 Grams Applied 
Figure 24 Patient 2, Glottic Pressure VS Weight on Suture/Patch 
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3.8 Negative Effort Dependence Testing Patient 1 
The experimental model for Patient 1 used a pressure port at the mouth instead of the soft palate 
because the nasal airway was blocked to recreate the experimental conditions of the 
computational model by Liu et al [17]. Figure 26 identifies the locations of the, suture/patch 




Pressure readings at the mouth are significantly lower than those at the soft palate because the 
diameter of the airway is larger which results in a lower velocity/pressure drop for any given 
flow rate. This effect can be seen in Figure 27 A, where the blue line representing mouth port 
pressure is nearly indistinguishable from atmospheric pressure and the glottic pressure is 
Figure 26 Patient 1 Experimental Model 
36 
 
approximately -40 cm H2O. By comparing Figures 27A and B at 234 seconds, the slope of the 
glottic pressure drop increased just as Patient 2’s did when the pressure past the obstruction 




The mouth port pressure seen in Figure 27B does begin to rise at 235 seconds which is in 
contradiction with the idea of negative effort dependence. By repeating the experiment multiple 
times it was observed that an initial collapse occurred between the tongue and soft palate (233 
Figure 27 Patient 1 Negative Effort Dependence 
37 
 
seconds), then this obstruction cleared (opening of constriction between soft palate and tongue) 
and was immediately followed by a secondary collapse at the epiglottis.  
 
3.9 Testing of Suture/Patch Treatment, Patient 1 
To make the best comparison with the computational results from Dr. Liu for the suture/patch 
treatment, the model for Patient 1 was not altered to include the palatoglossus muscle. However, 
Dr. Liu’s analysis omitted gravity as it was done computationally whereas this experiment could 
not do so. With this in mind, an attempt was made to minimize the effect of gravity in the 
experimental results by having Patient 1’s tongue adhered to the walls of the plastic around it 
everywhere except for where it made contact with the airway. By doing so the tongue was 
effectively anchored in place and would not move as its orientation was changed, gravity is 
considered off in this condition. Gravity was considered as being on when the tongue was 
completely detached from its enclosure everywhere except for 1 cm^2 on the lower mandible ( 
point of attachment of the genioglossus muscle in the tongue) and the hyoid bone (point of 
attachment for geniohyoid muscle in the tongue ). Results shown in Figure 28 indicate that when 
the model was in the supine position and gravity was on more force was needed to open the 









This result is intuitive as the patch must account for more force from gravities effect on the 
tongue.  
The study done in the upright orientation with gravity off is interesting because it demonstrates 
less sensitivity between the glottic pressure and weight added to the patch. The cause of this 
effect is thought to come from the silicone material of the backwall settling towards the bottom 
of the model, decreasing the diameter of the airway around the epiglottis which is less affected 
by the force from the patch. 
Sensitivity to the location of the patch was also considered and shown in Figure 28.  Patch 
location 2 as shown in Figure 23 resulted in pressures that were double that of the corresponding 
patch 1 configuration. With a flow rate of 0.4 L/s and loading frequency at 0.015 the flow rate 
and material properties of the silicone most closely resembled Dr. Liu’s model. These settings 
corresponded to a lower weight required to open the airway, about 50 grams. 




3.10 Snoring Observed in Patient 1 
While perturbations that might be interpreted as snoring were seen in the pressure signals of 
Patient 2 (Figures 18 and 19) there was no corresponding noise from the model. However, during 
the suture/patch treatment testing for Patient 1, snoring was heard and recorded with the mouth 




The snoring happened at a frequency of about 5 Hz and occurred during expiration, as compared 























Figure 29 Snoring in Patient 1 Model 
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Chapter 4 Conclusion and Future Work 
4.1 Experimental Results 
The models from this experiment have proven to be a valuable tool for studying obstructive sleep 
apnea (OSA). Using encapsulated silicone gel in conjunction with a programmable artificial 
lung, physical observations of tissue collapse became possible in real time. This approach 
modeled individual Patients’ anatomy and identified conditions that prevented Patient 2’s airway 
collapse. Additionally, this work was able to compare treatment forces in Patient 1 and snoring 
characteristics with Liu et al’s [17] computational results. Finally, one of the most significant 
results in this study is to show negative effort dependence in OSA which has not been observed 
in prior experimental sleep apnea studies.   
4.1.1 Patient 2 Analysis 
 Real time observations were specifically important for the testing of Patient 2’s model as it did 
not initially exhibit an airway collapse in the velopharynx. An in-depth investigation was 
conducted in which the flow rate was varied, smoke was introduced near the airways inlet for 
flow visualization and the model was reoriented several times. Collapse was finally observed 
when flow was allowed through the mouth and nasal passage as opposed to only the nasal 
passage or mouth. This observation may have proven useful for the computational analysis of 
Patient 2 since the computer simulation did not demonstrate an airway collapse. If a collapse had 
been observed by Liu et al. it would have been possible to make a treatment comparison with the 





4.1.2 Patient 1 Analysis 
Computational vs empirical comparisons could be made for Patient 1 as both studies exhibited a 
collapsed airway. This study determined that an application of 50 to 80 grams would open the 
airway compared to Liu et al’s recommendation of a value between 95 and 127 grams.  
The difference between these two numbers is likely due to different approaches to derive the 
level of acceptable force. Liu et al’s decision was based on an examination of how the cross-
sectional area of the airway changed, whereas this study examined changes in driving pressure 
(glottic pressure). Glottic pressure was used in this study because cross sectional area could not 
be determined. Attempts to measure deformation using computer vision and digital image 
tracking failed due to the complexity of the deformations and limitations of field of view.  
4.2 Experimental Methods 
The success of this model is attributed to the use of encapsulated silicone gel to replicate 
anatomical features of patients with obstructive sleep apnea. The encapsulating layer applied to 
the silicone is important because it prevents the silicone from sticking to itself and retain its 
shape. The higher the percentage of deadener added to the silicone mixture, the more fluid the 
silicone becomes. During experimentation it was determined that when more than 100% Slacker 
was added with respect to part A of the Ecoflex Gel, the material became too difficult to work 
with.  If there was a small tear in the encapsulation, the gel would spill out or the fluid like nature 
would make it hard to assemble the components due to an inability to identify features for 
alignment purposes. The temperature at which the silicone is stored and subsequently mixed is of 
vital importance because this affects the rate at which the material cures and its final stiffness. In 
one test, the encapsulating layer was cast in a mold that was preheated to 200 degrees Fahrenheit.  
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This sped up the cure time and the subsequent encapsulating layer was thicker. This procedure 
may be used to change the encapsulating layer thickness in future studies that consider this layer 
to be representative of the oral mucosa layer. 
4.3 Future Work 
To streamline the experimental process and increase experimental accuracy, future work should 
focus on simplifying the models’ fabrication process and adding upper airway muscles.  
Simplification can be achieved by using the automatic segmentation feature from ITK-Snap to 
generate models of anatomical features that are easy to identify due to high contrast; the face, 
airway, epiglottis and skeletal system. These results can then be used to model the 5 muscles of 
the soft palate. By modeling these muscles as being separate from the rest of the soft tissue in the 
upper airway, their stiffness can be adjusted during experimentation to simulate varying muscle 
stimulation.  
Future experimentation should also be performed using flow sensors to monitor air movement 
and image processing to measure deformation. Pressure sensors may be indicative of the 
behavior of the flow but more accurate measurements regarding velocity or volumetric rate 
would be useful for identifying the degree of an hyponeic event.  The use of image processing 
would make it easier to automate experimental analysis by tracking patterns in model 








The following is procedure describes the fabrication steps taken to manufacture the silicone 
tongue and its housing. 
1. Acrylic walls representing the experimental boundaries are cut out of acrylic and glue 
together. 
2. The mold for the tongue housing is 3d printed out of PVA and placed within the acrylic 
walls. 
3. The tongue housing mold and acrylic walls are adhered to a piece of foamboard with 
double sided tape. Gaps that exist between the 3d printed mold and acrylic walls are 
covered (black walls) and a reservoir plate is added so extra resin can be poured into the 
mold accounting for any leaks or shrinkage. 
4. The mold is dissolved in water and the clear resin part is removed. The resin will adhere 
to the acrylic sidewalls creating a optically clear form fitting enclosure for the tongue. 
Extra material from the reservoir is cut away and sanded flat. 
5. The tongue mold is paired with the tongue enclosure.  Enough Eco flex 00-10 is poured 
into the cavity so manual rotation molding can coat the entirety of them molds surface 
(about 1 minute of manual rotation).  The mold is then oriented so the Eco flex 00-10 
will drain and left this way for the duration of the cure time leaving only a thin layer of 
00-10 on the surface of the mold.  (Silicone, mold, and cure must occur at 80 degrees F 
for similar encapsulation thickness as reported in this paper). After encapsulation layer is 
poured, Eco flex gel mixture can be added to the mold and left to cure at 80F. After the 
gel has cured, any surface not coated in 00-10 should have a layer applied to it. 
6. Dissolve the tongue mold 
7. Separate the tongue from the tongue enclosure everywhere except for anatomical 
attachment points on the lower mandible and hyoid bone. 

























The following is procedure describes the fabrication steps taken to manufacture the silicone 
backwall, soft palate and final model assembly. 
 
1. 3D print backwall/soft palate mold out of PVA. 3d print hyoid and epiglottis out of rigid 
material like abs or PLA.  Adhere epiglottis and hyoid bone to the backwall/soft palate 
mold with PVA glue. 
2. Place acrylic wall around backwall/soft palate mold. Fill cracks with modeling clay or 
PVA glue. Pour, rotational mold, and drain ecoflex 00-10 for encapsulation layer. Pour 
Eco flex gel ounce encapsulation layer is cured.  Reapply 00-10 to exposed gel surfaces. 
3. Dissolve backwall mold. 
4. Print and glue airway adapter to backwall/soft plate assembly. Assemble with tongue, and 
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